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ABSTRACT
We present synthetic radio images of the GRB170817A afterglow, computed from moving-mesh
hydrodynamic simulations of binary neutron star merger outflows. Having expanded for nearly a year,
the merger remnant is expected to subtend ∼ 5 milli-arcseconds on the sky, potentially resolvable by
very long baseline radio imaging techniques. Any observations revealing the radio centroid to be offset
from the line-of-site to the merger would be the smoking gun of a jetted outflow. However, our results
indicate that a measurement of the centroid position alone cannot independently determine whether
that jet escaped successfully from the merger debris cloud, or was “choked,” yielding a quasi-spherical
explosion. We find that in both scenarios, the centroid exhibits superluminal proper motion away
from the merger site at roughly 4 – 10 micro-arcseconds per day for at least the first 300 days. We
argue that a successful strategy for differentiating among the explosion models will need to include
multiple observations over the coming months – years. In particular, we find the time at which the
centroid attains its maximum offset, and begins heading back toward the merger site, is considerably
later if the jet was choked. Detecting a reversal of the centroid trajectory earlier than 600 days would
uniquely identify a successful jet. Our results indicate the source might be resolved using VLBI radio
observing techniques with ∼ 1 mas resolution starting at roughly 400 days post-merger, and that the
the angular extent of a successful jet is significantly smaller than that of a choked jet (4.5 versus 7
mas respectively).
Subject headings: gamma rays: bursts — stars: jets — stars: neutron — gravitational waves
1. INTRODUCTION
The short gamma-ray burst (sGRB) GRB170817A
is the first discovered electromagnetic counterpart to
a gravitational wave (GW) merger event. Its prompt
emission was detected shortly following the “chirp” of
GW170817 (Abbott et al. 2017a,b), caused by the in-
spiral and coalescence of a binary neutron star (BNS)
system in NGC4993, roughly 40 Mpc away (Coulter
et al. 2017; Soares-Santos et al. 2017). Among short
bursts with host galaxy identifications, GRB170817A is
the nearest to the earth (e.g. Fong et al. 2017), and
has the lowest isotropic-equivalent gamma-ray energy,
∼ 1046−1047 erg (Goldstein et al. 2017; Savchenko et al.
2017). However, X-ray through radio frequency follow-
up observations (Alexander et al. 2017; Haggard et al.
2017; Hallinan et al. 2017; Kasliwal et al. 2017; Margutti
et al. 2017; Troja et al. 2017; Margutti et al. 2018; Moo-
ley et al. 2018) indicate that the explosion was intrin-
sically far more energetic, likely exceeding ∼ 1051 erg.
The afterglow emission is also exceptional in that it rose
steadily for ∼ 160 days, showing a turnover only after
∼ 200 days (Alexander et al. 2018; Dobie et al. 2018;
Nynka et al. 2018).
A key question raised by these observations is whether
GRB170817A is a classical sGBR seen significantly off-
axis, or represents a new class of astrophysical transient
(Kasliwal et al. 2017; Nakar & Piran 2018; Hotokezaka
et al. 2018a). Numerical modeling (Lazzati et al. 2017;
Gottlieb et al. 2017; Bromberg et al. 2018; Xie et al.
2018) has demonstrated that the broadband afterglow
light curves of GRB170817A can be produced by either
of two distinct explosion scenarios, differing primarily by
their degree of anisotropy. These are commonly referred
to as the “successful jet”, which could be seen by dis-
tant, on-axis observers as a cosmological sGRB, and the
“choked jet” scenario, which would only be observable
nearby. Since multi-band light curves do not conclusively
distinguish between these scenarios, we are motivated to
explore other observational signatures capable of discern-
ing the outflow geometry. Due to the fortuitous prox-
imity of GW170817, the GRB170817A remnant should
currently have an angular size of ∼ 5 mas on the sky and
may thus be spatially resolvable using very long baseline
radio observing techniques. 1
Predictions of the radio image morphology have been
computed from adaptive mesh hydrodynamic simulations
by Granot et al. (2018) and Nakar et al. (2018). Morpho-
logical and linear polarization features based on param-
eterized jet models were also reported in Gill & Granot
(2018).
To enhance the ability of potential radio imaging to
distinguish among the as yet degenerate explosion ge-
ometries, we present in this Letter radio synchrotron sky
maps computed from our previously published (Xie et al.
2018) moving-mesh hydrodynamic simulations. We fo-
cus our analysis on the time evolution of the radio image
morphology. Linear polarization maps will be reported
in the near future.
2. NUMERICAL METHODS
1 Since the original submission of this manuscript, VLBI radio
observations by Mooley et al. (2018) have been published. The
revised version of this Letter contains comparisons of our results
with those observations, however all of our results were obtained
without any knowledge of them.
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Fig. 1.— Images of the intensity distribution, Iν(x, y) for both explosion models seen at θobs = 20
◦. Iν(x, y) is represented logarithmically,
increasing in value over two decades from log10 Iν,max − 2 (dark blue) to log10 Iν,max (yellow). The jet axis is oriented horizontally, with
the approaching side on the left and the receding side on the right. The red plus sign marks the merger site, and is 2 mas in size. The filled
orange circles mark the centroid xc of the intensity distribution. The vertical black bars are positioned horizontally at xmax, where the
longitudinal intensity distribution Iν,avg(x) peaks, and their height is δy, the FWHM of Iν(xmax, y). xc and δy are computed at 5 GHz,
while the logarithmic image morphology is frequency-independent for any frequency on the same power-law segment of the synchrotron
spectrum.
2.1. Summary of simulations
The sky maps presented in this Letter are based on our
previously published numerical simulations (Margutti
et al. 2018; Xie et al. 2018), which we briefly summa-
rize here. We utilize the moving-mesh relativistic hy-
drodynamics code JET (Duffell & MacFadyen 2013) to
perform 2D, axi-symmetric simulations of jets launched
into a cloud of expanding neutron star merger ejecta.
The ejecta cloud mass is based on observations of kilo-
nova emission indicating that ∼ 10−2 M of material
was ejected during the merger and its aftermath. We
employ a cloud structure motivated by numerical rela-
tivity simulations (see Xie et al. 2018, for details of the
initial conditions). In order to follow the fluid evolution
from relativistic to non-relativistic conditions, we have
employed an equation of state (EOS) that well approxi-
mates the exact EOS for a perfect single-component gas
(Ryu et al. 2006).
We consider two distinct models for the central en-
gine: (i) a narrow engine (θjet = 0.1), producing a well-
collimated outflow that breaks out of the debris cloud
with ultra-relativistic velocity (Γ ∼ 100) and quasi-
Gaussian angular structure Γ(θ), and (ii) a wide engine
(θjet = 0.35) leading to a slower (Γ . 10) quasi-spherical
explosion. These two classes of outflow are commonly re-
ferred to as the “successful structured jet” and “choked
jet” respectively. Both engine models have a jet lumi-
nosity Ljet = 2.6×1050 erg/s and duration tjet = 2 s. We
found previously (Xie et al. 2018) that synchrotron light
curves from both scenarios, computed with standard ra-
diation modeling (Sari et al. 1998), are broadly consis-
tent with the available observations of the GRB170817A
afterglow emission.
2.2. Calculation of the radio sky images
Our synthetic radio images are computed directly from
hydrodynamic simulation data using a standard GRB af-
terglow modeling procedure. This analysis is straightfor-
ward for optically thin sources (for details see e.g. Sari
1999; De Colle et al. 2012, note that we neglect syn-
chrotron self-absorption). The specific intensity in a di-
rection nˆ is given by
Iν(nˆ, tobs) =
∫
jν(nˆ, tret(r), r) d` , (1)
where the integration is along the line of sight through
the source, and the integrand is the observer frame syn-
chrotron emissivity, evaluated at the source position r
and retarded time tret(r). Our numerical procedure is to
iterate through the hydrodynamic simulation cells at a
discrete set of (∼ 1000, logarithmically spaced) lab frame
times {tnlab}, computing the contribution of each to a
three-dimensional histogram of discrete intensity values
Imi,j . The index m corresponds to observer time levels,
binned in 10 day intervals, and i, j are the image pixel
indexes. Note that we suppress the subscript ν in the dis-
cretized intensity. The histogram is populated according
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Fig. 2.— Images of the intensity distribution, Iν(x, y) for both explosion models seen at θobs = 30
◦. Iν(x, y) is represented logarithmically,
increasing in value over two decades from log10 Iν,max − 2 (dark blue) to log10 Iν,max (yellow). The jet axis is oriented horizontally, with
the approaching side on the left and the receding side on the right. The red plus sign marks the merger site, and is 2 mas in size. The filled
orange circles mark the centroid xc of the intensity distribution. The vertical black bars are positioned horizontally at xmax, where the
longitudinal intensity distribution Iν,avg(x) peaks, and their height is δy, the FWHM of Iν(xmax, y). xc and δy are computed at 5 GHz,
while the logarithmic image morphology is frequency-independent for any frequency on the same power-law segment of the synchrotron
spectrum.
to
Imi,j =
1
∆Si,j∆tmobs
∑
n,q
jnq (nˆ)∆Vq∆t
n
lab , (2)
where the sum includes those computational cells ly-
ing within the image pixel i, j, and whose radiation
is received during the time interval ∆tmobs. In Equa-
tion 2, ∆Vq is the spatial volume of simulation cell q,
∆Si,j = |∆Si,j | is the area (in cm2) of its confining im-
age pixel (i, j) projected to the source location, and nˆ is
the unit vector orthogonal to ∆Si,j (and thus pointing
from the source to the observer). Because our simula-
tions are axi-symmetric, the computational cells iterated
over in Equation 2 are obtained by sub-dividing the 2D
r−θ simulation volumes into 50 evenly spaced azimuthal
cells. This procedure is redundant when computing im-
ages or lightcurves for on-axis observers, but is necessary
when considering the case of off-axis observers.
The cell emissivity jnq (nˆ) is obtained by transform-
ing the comoving emissivity j′ν′ to the lab frame. j
′
ν′ is
isotropic, and describes synchrotron emission from a sin-
gle power-law distribution of electron energies (having in-
dex p = 2.15) extending between a minimum synchrotron
frequency ν′m and a cooling frequency ν
′
c (e.g. Sari et al.
1998). Radio through X-ray observations from 220 days
(Alexander et al. 2018) showed no sign of a cooling break
in the synchrotron spectrum, so radio frequency images
based on a single power-law electron distribution are ex-
pected to remain valid through late evolution phases. In
characterizing the synchrotron emissivity, we adopt nom-
inal parameters B = 10
−2 and e = 0.1 which were
successful in Xie et al. (2018) at fitting the synchrotron
afterglow lightcurve.
We present images in terms of flux density per solid
angle (units of Jy/mas2) assuming a source distance of
40 Mpc. For each time bin m, Imi,j is convolved with an
isotropic Gaussian kernel 5 pixels (300µas) across. These
smoothed histograms are referred to as images, sky maps,
or intensity distributions, and are denoted by Iν(x, y),
where x and y are measured in milliarcseconds. The im-
age coordinate system is centered at the merger site, and
oriented so that −x increases along the approaching jet’s
projection on the sky (the counter-jet is on the right-
hand-side of the images where x > 0). Given the rela-
tively close proximity of the source, we do not account
for cosmological redshift factors.
Our sky maps are created for a sampling of jet ob-
server angles θobs (angle between the jet axis and the
line-of-sight), between 20◦ and 45◦. This range covers the
best-fit observer angles determined by a number of inde-
pendent groups (Mooley et al. 2018; Troja et al. 2018;
Hotokezaka et al. 2018b). We adopt a nominal observer
frequency of 5 GHz.
3. RESULTS
Radio sky maps for observer angles 20◦ and 30◦ are
shown in Figures 1 and 2. These are images of the nor-
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Fig. 3.— Longitudinal intensity distributions at various observer times for the successful (left) and choked (right) jets seen 30◦ off-axis.
The shaded regions are bounded below by the vertically averaged intensity Iν,avg(x), and above by the maximum Iν,max(x).
malized intensity distribution,
I¯ν(x, y) ≡ Iν(x, y)
Iν,max
, (3)
where Iν,max is the intensity of the brightest pixel in the
image. Note that I¯ν(x, y) conveys only the source mor-
phology, not the brightness of individual features from
one image to another. In Figure 3 we show y-averaged
intensity distributions,
Iν,avg(x) =
1
∆y
∫
I(x, y) dy , (4)
indicating the relative brightness of morphological fea-
tures and between temporal slices. Also note that the
images shown in Figures 1 and 2 depict the logarithm of
intensity, and so the image morphology is independent
of frequency ν, to the extent that ν′ lies on the same
power-law segment of the spectral emissivity (extending
from ν′m to ν
′
c) for all simulation cells. In practice we find
that a small number of cells, typically those immediately
behind the external shock, contain sufficiently energetic
electrons that their minimum synchrotron frequency νm
marginally exceeds 5 GHz.
The images are generally characterized by a crescent-
moon shape opening toward the merger site (located at
the origin). This feature is synchrotron emission from the
approaching relativistic shell, in its decelerating but pre-
Sedov phase. As the shell decelerates, the Doppler beam-
ing of its emission lessens, and more of its surface comes
into view causing the crescent to grow larger. Emission
from the receding shell comes into view at later times,
(e.g. between 400 and 800 days in the successful jet
model seen at θobs = 30
◦), forming a double-ring pat-
tern on the sky.
The successful and choked jet scenarios both gen-
erate anisotropic explosions, and yield correspondingly
anisotropic sky images. The degree of anisotropy may
be characterized by the angular separation between the
flux centroid,
xc ≡
∫
x Iν(x, y) dA∫
Iν(x, y) dA
, (5)
and the line-of-sight to the merger. If the explosion were
spherically symmetric, or if an axi-symmetric explosion
were viewed on-axis, then xc would remain at the origin.
In other words, observations revealing the flux centroid
to be offset from the merger location would rule out both
a spherical explosion, and an axi-symmetric explosion
viewed on-axis.
The flux centroid xc is depicted as an orange dot in
Figures 1 and 2. In both models, and at each of the
observer angles θobs = 20
◦, 30◦, and 45◦, xc is found
to lie at a distance of between 1 and 3.5 mas from the
merger site at times between 200 and 400 days. Thus,
radio observations with resolution better than ∼ 1 mas
should be able to firmly distinguish between spherical
and aspherical explosion scenarios.
Unfortunately, differentiating between the successful
and choked jet models may be more challenging. We
show in the top row of Figure 4 the temporal evolution
of xc for both models, and at several observer angles. For
reference we also plot the region (shown as a gray wedge)
above which superluminal proper motion would be ob-
served, that is where x˙c > c/40 Mpc ' 4.3µas/day. We
find that in each case, xc exhibits super-luminal proper
motion of at least 10µas/day for the first ∼ 200 days,
with the exception of the choked jet model at small view-
ing angle θobs = 20
◦, which slows to 4µas/day at roughly
200 days.
We have made an effort to identify other features that
might aid in differentiating between the successful and
choked jet scenarios. The first is the time, tmax, at
which the flux centroid reaches its maximum distance
from the merger site and begins moving back toward
it. Such change in the direction of centroid motion is
inevitable as the explosion enters the Sedov phase and
becomes fully spherical. As shown in Figure 4, if the
viewing angle is 20◦, then observations of a structured
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2).
jet between 200 and 400 days will reveal the flux cen-
troid to be heading back toward the merger site at a rate
of roughly 10µas/day. If the viewing angle is 30◦, then
the structured jet scenario predicts that tmax ' 400 days
and that xc remains within 100µas of its maximum value
for roughly 200 days. In contrast, for a choked jet seen
at θobs = 30
◦ xc should exhibit no detectable change
(stalling at 2 – 3 mas) throughout the time interval 200
– 800 days.
Another feature that may help differentiate between
our two simulation models is the transverse extent δy
of the source. We define δy to be the full-width-half-
maximum (FWHM) of the logarithm of the vertical in-
tensity distribution Iν(xc, y) at the flux centroid coor-
dinate xc. Simulation measurements of the transverse
extent are depicted as black bars in Figures 1 and 2. In
certain images, such as the 100 day image in the bottom
of Figure 2, Iν(xmax, y) crosses its half-maximum value
twice on each side of the origin. In such cases we define δy
as the larger of the two possibilities. We have also plot-
ted the time evolution of δy for various observer angles
and both explosion models in the bottom row of Figure
4. We find that, at times later than ∼ 100 days, δy is
generally larger by ' 1 mas in the choked jet scenario
than in the successful jet scenario.
4. SUMMARY
We have computed synthetic radio image sky maps
based on our previously published (Xie et al. 2018) nu-
merical simulation data of the two leading models for the
explosion geometry of GRB170817A. We have done so to
aid in the interpretation of possible late-time radio ob-
servations with sub-milliarcsecond resolution. Such ob-
servations would rule out a spherical explosion were they
to show the flux centroid to be offset from the merger
location. However, our results indicate a measurement
of the flux centroid location may not easily differentiate
between the successful and choked jet models. We find
that all models predict that the centroid will exhibit su-
perluminal mean proper motion of 4− 10µas/day for at
least the first ' 300 days. The absence of a dramatic
difference is mainly due to the mildly relativistic expan-
sion velocity of the explosion at times late enough that
the blast might be spatially resolved.
Our analysis nevertheless reveals features, potentially
discernible from well resolved, highly sensitive, and
appropriately timed radio observations, that could be
probes of the explosion geometry. We find that the time
tmax when the centroid attains its maximum offset and
begins moving back toward the merger site is potentially
detectable and distinguishes between models. For the
6structured jet model tmax is a robust feature occurring
at tmax ' 200 days for θobs = 20◦ and tmax ' 400 days for
θobs = 30
◦. The choked jet model, by contrast, plateaus
near 600 days and likely lacks a detectable turnaround.
Detection of a turnaround before 600 days would thus
uniquely identify a successful jet.
Since this manuscript was first submitted, observations
by Mooley et al. (2018) have been published indicating
that the source was unresolved at 230 days. The FWHM
values we reported in Section 3 are consistent with this
measurement. However we also found that the choked
jet model generally predicts a larger image than the suc-
cessful jet. We predict that if VLBI observations were
obtained at ∼ 400 days, they would be marginally re-
solved for either model. A larger FWHM value of 7 mas
favors a choked jet while a smaller value of 4.5 mas favors
a successful jet.
The authors acknowledge Brian Metzger and Sjoert
van Velzen for valuable discussions.
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